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INTRODUCTION
In many atomization applications, such as rocket injectors, the manifolding used to deliver liquid to an orifice can introduce a component of velocity normal to the axis of the orifice flow. Previous studies have indicated that manifold cross-flow can affect the orifice discharge coefficient and cavitation characteristics [1, 21 . The net result is a variation in the discharge coefficient and thus mass flowrate by as much as fRffy-pereent depending on flow conditions and orifice geometry. Such a profound change in flowrate of an individual orifice can have a detrimental effect on spray characteristics, including droplet size, spray angle and cone angle. Any significant change in the expected spray characteristics could lead to decreased injector performance and damage to a combustion chamber due to increased heat flux near the wall.
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Background Ver' little work has been done in the past with respect to manifold cross flow effects on discharge coefficient.
Northrup 11] studied the effects of cross-velocity on sharp-edged orifices at pressure-drops up to 100 psi and atmospheric back pressure with cross-velocities up to 20 ft/s. He found that the discharge coefficient decreased as cross-velocity increased. He concluded that cross-velocity should be held to a minimum to avoid degradation in spray quality. Nurick [2) also studied the effects of manifold cross-flow on sharp-edged orifices of various shapeat a chamber back-pressure of 0.69 Mpa and a pressure drop of 0.14 Mpa using water. He found that increasing the -cross-velocity component from 0.3 m/s to 5.5 m/s decreased the discharge coefficient by about 5-10%. He also found that the increased cross-flow created visible disturbances, described as a brushy appearance, in the jets emanating from the orifices. Andrews and Sabersky (3] experimentally investigated the effect of cross-flow velocity on the discharge coefficient of a circumferential slot formed between two sections of circular pipe. The working fluid was water and the maximum cross-velocity studied was 6 m/s. Over the range of slot Reynolds numbers studied by the authors, the discharge coefficient was found to vary by as much as 50r% as cross-velocity was varied. The discharge coefficient was found to decrease as the manifold to slot velocity ratio was increased beyond a certain value. They concluded that the fraction of available dynamic head in the approaching cross-flow that was converted into pressuredrop across the slot was much less than one, and decreased with increasing cross-flow to slot velocity ratio. Rhode and coworkers (41 experimentally measured the discharge coefficient of a round hole drilled in the side of a circular pipe using air as the working fluid. They showed as much as an eight-fold decrease in discharge coefficient for high manifold Mach number and low pressure-drop configurations. They found that the discharge coefficient correlated with the velocity head ratio, which was defined as the ratio of orifice total pressure-drop to manifold cross-flow momentum, l/2pUz. Discharge coefficient was found to increase with increasing velocity head ratio.
Most of the work that has been described has been limited to relatively low injection pressures and low backpressures. Also, most of the previous studies have been limited to a single flow regime, ie. either cavitating or noncavitating flow. Most of the existing data has been presented with very little explanation as to why the discharge coefficient is affected by the manifold cross-flow. This makes it very difficult to extrapolate data that has been II generated at low pressures, to the typical pressures found in internal combustion engines or liquid rocket engines.
The present study involves an experimental effort to quantify the effects of manifold cross-flow over a wide range of flow-rates, back-pressures and orifice geometries typical of impinging type liquid rocket injectors. A onedimensional, physically based model has been developed to help correlate the data. The model is not unlike other models that have been developed in the past which predict discharge coefficient for sharp edged orifices in the absence of a manifold cross-flow (5,6, 71. The present model utilizes the same basic fluid mechanics, but also accounts for the incoming manifold flow which is oriented at 90 with respect to the injector flow. Also, the present model has been expanded to predict discharge coefficient for both cavitating and non-cavitating flow.
Experimental
The experimental investigation was carried out at the Air Force Research Laboratory cold-flow injector characterization facility, a simplified schematic of which is shown in Figure 1 . Water, which is used as a simulant for which is +/-0.5%. This translates to a ... otGnty pcrcent error-band on the discharge coefficient data, with the larger errors occurring at the low orifice flowrates and high manifold flows.
The manifold was operated in three ba'sic configurations; 1) fluid enters the inlet port and exits the outlet port of the manifold, thus providing cross-flow, 2) fluid enters the inlet port and the outlet port is blocked so that all of the flow exits the orifice, providing a case of zero cross-flow, and 3) fluid enters both the inlet and outlet ports and all of the fluid exits the orifice, providing a case of symmetric zero cross-flow hereafter called dead-head flow. This last flow condition is analogous to many axisymmetric injector geometries that have been studied in the past.
For the present study, a range of operating conditions and orifice geometries typical of liquid rocket injectors was studied and are given in Table 1 . Although the objective of this study is to characterize injector angles between 300 and 1500, only results for orifices oriented at 90* with respect to the manifold flow are presented here.
Analytical Modeling
One of the objectives of this study is to provide the injector designer with a means of predicting the effects of manifold cross-flow on the discharge coefficient of a sharp-edged orifice. To accomplish this, an analytical model was developed that predicts discharge coefficient as a function of operating parameters, injector geometry and fluid properties. The model is based on fundamental, quasi one-dimensional fluid dynamics.
The model performs an energy balance along a streamtube originating in the manifold at station 1, and terminating atthe point where the fluid exits the orifice into the chamber, at station 2, as shown in Figure 3 . The boundaries of the ,,, streamtube are defined .by the dashed lines in Figure 3 . The streamtube defines a volume of the flowfield in which fluid only enters and exits from the end of the tube; no fluid crosses the sides.
The energy equation for the special case of steady, incompressible, irrotational, inviscid flow through the streamtube is known as the Bernoulli equation and is written as follows.
Eq. (1) also assumes negligible effect of gravity which is appropriate where pressure forces and momentum greatly exceed the gravitational body forces. The problem with using Eq. (1) for the current application is that the flow through the manifold and orifice is both viscous and rotational, which introduces losses into Eq (1).
The main sources of losses in the flow are the loss of potential (pressure) and mean kinetic energy (velocity) to turbulence and friction (heat). To account for these losses, a modified energy equation is proposed as follows;
Eq. (2) is similar to the approach taken by He and Ruiz [6] for modeling the discharge coefficient of a sharp-edged orifice at the point of cavitation inception in the absence of manifold cross flow. In Eq. (2), Efriction accounts for the loss of energy from the mean flow due to viscous shear at the orifice walls and is modeled with a classical turbulent pipe flow friction loss term, which does an adequate job of correlating the data.
The Darcy friction coefficient, f, in Eq. (3) is taken to be 0.04, which is the maximum value for turbulent flow in a smooth wall tube [8] . Previous experimental measurements have shown that the level of turbulence in a sharp-edged orifice greatly exceeds the level of turbulence found in fully developed pipe flow and can be characterized with a friction factor of transitional turbulent flow [6] .
Turbulence losses are believed to mostly occur downstream of the vena contraction where the flow is expanding and an adverse pressure gradient is encountered. It has been shown through experimentation that a great deal of turbulence is generated under these conditions. The turbulence losses are modeled with an analytic expression that has been verified by much experimentation to represent the losses due to the sudden expansion downstream of the vena contraction [8] .
In Eq. (4), "d" is the diameter at the vena contraction and "D" is the actual orifice diameter, while Cd 2 /D 2 .
Substituting Eqs. (3) and (4) in Eq. (2) and solving for the orifice exit velocity, V 2 , yields the equation;
where the orifice exit velocity, V 2 , is assumed to be constant over the orifice cross section. The discharge coefficient is defined as;
which is consistent with the definition of discharge coefficient for the experimental measurements. Note that this definition of discharge coefficient is based on the total dynamic head in the manifold approaching the orifice. The volumetric flowrate through the orifice is calculated by the following relation.
Manifold Boundary Layer
Due to the presence of a turbulent boundary layer in the manifold, the average velocity andtherefore, momentum, of the fluid entering the orifice streamtube is somewhat less than the bulk flow velocity, V 1 . In Eq. (2), the average manifold momentum entering the streamtube, V 2 , is needed in the overall energy balance. This is taken to be an estimate of the average velocity squared in the boundary layer that enters the orifice. To do this, it is assumed that the orifice is equivalent to a slot as wide as the manifold with a cross sectional area equal to the orifice. With this assumption, it is further assumed that the fluid entering the slot is distributed evenly within the width of the manifold, ip.ethere are no 3-d effects from the side walls of the manifold. The manifold boundary layer velocity profile ,.
upstream of the entrance to the slot is calculated by a classical turbulent i/7 power law function [9] .
where the Reynolds number, Rex, is based on the distance from the entrance of the manifold, x.
Re, V 1 • x. Once y' is known, the average momentum entering the streamtube is calculated by integrating the velocity profile from zero to y', as in Eq. (11).
2 "f V 2 (y).
(11) Y0
Due to the implicit nature of the set of Eqs. (2) - (11), an iterative solution procedure is adopted in which the orifice ,-flow rate, Qo,, is first estimated, then the boundary layer momentum, Vi2, and orifice velocity, V 2 , can be calculated and used as the orifice flow rate for the second iteration. A solution is usually converged upon within several iterations.
Contraction Coefficient
Once the manifold velocity has been calculated, the next step is to calculate the contraction coefficient in the orifice which is a result of the flow separation at the entrance to the orifice. The approach taken here is to assume that the manifold and orifice can be approximated as two-dimensional slots as was done in the calculation of the boundary layer in the previous section. The streamlines of the flow into the slot are then analytically approximated by potential flow theory. Two-dimensional potential flow theory has been shown to work well in approximating the contraction coefficient for a sharp-edged orifice in the absence of cross-flow [5, 7] . Also, it has been found in this investigation that potential flow calculations of the contraction coefficient of a two-dimensional slot does an adequate job of correlating the data. Only a brief description of the resulting equations is provided here, while a more detailed analysis is presented in the literature [10, 11, 12] . Figure 4 shows a diagram of the actual orifice geometry (Fig'we 4a) and the two-dimensional slot geometry (Figwe-V 4b) with the slot modeled as a barrier on the downstream side of the flow (Fijtw-4c) . The edge of the streamtube is € shown as a dashed line in Figure 4c . The contraction coefficient is the width of the streamtube at the point of maximum contraction, normalized by the slot width, "a". For a two-dimensional" slot, as with a circular orifice, the contraction coefficient is equal to the ratio of effective flow area to total slot (orifice) area. The independent variables are "a", "b", and "c" (the three geometrical variables), and V1. The dependent variables are V 3 , V, and a, the angle of the jet. The solution for the velocity at the vena contraction, V,, is given by Eqs. (12a) through (12e).
Once a solution for V, and V 3 has been obtained, the contraction coefficient, C,, can be calculated using Eq. (13).
The solution of the set of Eqs. (12) and (13) requires an iterative procedure since Eqs. (12a) and (12d) cannot be solved for explicitly in terms of V,.
In solving the set of Eqs. (12) and (13), it was found that for slot length to width ratio, c/a, greater than about one, the contraction coefficient is only a function of the slot to manifold velocity ratio, V 2 1V 1 . As the slot to manifold velocity ratio is decreased, the size of the separation zone increases and thus the contraction coefficient decreases as shown in Ib Figure 5 . Figure 5 also shows the asymptotic behavior of the contraction coefficient approaching Co=.61 as the orifice to manifold velocity ratio is increased. If one were to solve Eqs. (12) and (13) for the simplified case where 0 V 3 is equal to zero (i..,all of the flow in the manifold passes through the orifice), a contraction coefficient of C,=.61 v is uniquely obtained. This is the classical solution that has been used for many previous discharge coefficient models in which there is no manifold cross-flow. The previous models have also shown very good agreement between experiment and model which would indicate that two dimensional potential flow theory performs well, at least in situations where there is no manifold cross-flow [5, 7] .
Cavitation
Once the contraction coefficient has been calculated, the flowrate through the orifice can be determined by Eqs. (5) and (7) . Once the flowrate is known, it can be determined whether or not the flow in the orifice is cavitating.
Cavitation occurs when the local fluid pressure reaches the vapor pressure of the fluid. For the current configuration, the minimum fluid pressure occurs at the vena contraction where fluid velocity is at a maximum. The pressure at the vena contraction can never be less than the vapor pressure of the fluid because the fluid vaporizes in order to maintain the vapor pressure. In this fashion, the vapor bubble that is formed acts as a variable area nozzle which maintains a constant mass flowrate through the orifice in the cavitating regime.
In order to determine if cavitation is occurring in the orifice, it must first be assumed that cavitation is not occurring which allows. for the calculation of the contraction coefficient and orifice exit velocity, V 2 , as outlined above. The local fluid pressure at the vena contraction can be calculated using Eq. (14).
Eq. (14) is simply an application of the energy equation, Eq. (2), from station "c" at the contraction to station "2" at e the orifice exit. If the calculated P,,, is equal to or less than the vapor pressure of the fluid, then cavitation is known to be occurring, and the pressure at the vena contraction is known to be equal to the vapor pressure. The velocity at the vena contraction is calculated by applying the energy equation from station ( 9 10 to station GLc in Figure 3 , V assuming negligible turbulence and friction losses along the way. The assumption of negligible losses from station l, .
O1@ to stationQdP is appropriate due to the very short distance between the entrance of the orifice and the vena contraction, which usually occurs within one orifice diameter downstream, When the energy equation is solved, the expressions for V. is as follows-
The orifice exit velocity is related to the velocity at the vena contraction through the contraction coefficient as follows?
¢
Experimental Results and Model Predictions
As shown in Table 1 , a large amount of data was obtained over a wide range of operating conditions. Both cavitating and non-cavitating flow was observed. Figures 6 through 13 show both raw data in the form of plots of discharge coefficient versus cavitation parameter, Pcav, and a comparison be4wson experimental data and model prediction for a " variety of operating conditions, orifice geometries and flow conditions. P.. is defined as
P, -P where P, and P 2 are the experimentally measured fluid and back-pressuresrespectively and P, is the vapor pressure of •, the fluid at ambient temperature. The discharge coefficient is defined by Eq. (6).
The experimental data in Figure 6 shows a large decrease in discharge coefficient as cross-velocity is increased for both cavitating and non-cavitating flow. This is due to an increase in the size of the recirculation zone as the manifold to orifice velocity is increased. As the recirculation zone increases in size, the vena contraction decreases in size and the flow is further constricted. The one-half power dependence of discharge coefficient on Pa, for P,. less than'about 1.8 is indicative of cavitating flow. In this regime the flowrate through the orifice is constant and is independent of the chamber back-pressure. The model does an adequate job of predicting the discharge coefficient in both the cavitating and non-cavitating regimes. The scatter in the data about the prediction line in Figure 6 is within the limits of measurement accuracy, especially at the high manifold flowrates and low orifice flows, where the experimental error in discharge coefficient can be as much as +/-10%. increased. This is due to the fact that the effect of cross-velocity onacontraction coefficient decreases with increasing orifice pressure and flowrate. The contraction coefficient remains constant at about 0.61 for orifice to manifold velocity ratios greater than three. Also, at the higher fluid pressures, the manifold dynamic head is small with respect to the static pressure-drop across the orifice. Figure 9 shows the same trend in decreasing discharge coefficient as cross-velocity is increased for a length to diameter ratio of five, but also shows an increase in sensitivity .of the discharge coefficient to the manifold cross-"
velocity. This is due to the decreased frictional resistance of the shorter orifice. As the orifice length is increased, the effects of manifold flow on discharge coefficient are diminished due to the relative increase in frictional resistance. Figure 10 demonstrates the effect of orifice L/D ratio on discharge coefficient for both experiment and / model and also lends credibility to the pipe flow frictional correlation used in the model.
The decrease in discharge coefficient with increasing manifold velocity is consistent with the findings of other researchers with similar experimental configurations [1] [2] [3] [4] . A comparison hatwgm data collected in the present € studyr-= data collected by Nurick et a. [2] is shown in Figure 11 , which is a plot of discharge coefficient versus manifold velocity. The data collected by Nurick et al. was for a L/D ratio of six, which was slightly longer than the LID ratio studied here (LID=5). Ylhe orifice diameters were also slightly different, +meswc the orifice pressure-drop I was the same (dP• 14 MPa). It should also be pointed out that Nurick's definition of discharge coefficient was different from the present study. Therefore, Nurick's data was relcomputed by the authors using the discharge coefficient definition given by Eq. (6). The comparison shows the same trend in decreasing discharge coefficient with increasing manifold velocity. The differences in measured discharge coefficient could be, in part, due to the differences in L/D ratio. some of the flow momentum will not be recovered in the form of potential energy, or pressure. This will result in a decreased discharge coefficient Figure 14 shows a comparison between the model prediction for the onset of cavitation and the experimentally measured cavitation inception point. As can be seen in the figure, the model shows an increase in P,, at inception as the manifold velocity is increased at a fluid pressure of 0.69 MPa, and is consistent with the experimental data. The increase in P,,, at inception is due to a decrease in the contraction coefficient as cross-flow is increased, thus increasing the orifice velocity at the point of contraction and decreasing the pressure at this point. As the fluid pressure is increased to 3.45 MPa, the effect of cross-flow on cavitation inception is diminished due to the decrease in manifold to orifice velocity ratio. The cavitation inception point also decreases as the length to diameter ratio of the orifice is increased, as can be seen in Figure 12b . This is a result of the increased frictional resistance of the longer orifice which reduces the flowrate through the orifice. The reduced flowrate leads to lower velocities and hence higher pressures at the vena contraction which shifts the cavitation inception point to lower values of P,,,.
SUMMARY AND CONCLUSIONS
An experimental investigation was carried out to determine the effect of manifold cross-flow on the discharge coefficient and cavitation characteristics of sharp-edged orifices. The experiments were conducted over a wide range of flowrates, back-pressures, cross-flow velocities and orifice geometries characteristic of impinging element liquid rocket injectors. Experimental results for an orifice angle of 900 with respect to the manifold were presented.
Discharge coefficient was found to decrease as manifold velocity was increased, due to an increase in the size of the recirculation zone just downstream of the orifice entrance. Discharge coefficient was also found to decrease with increasing orifice L/D ratio as a result of the increased frictional losses. Manifold cross-flow was also found to shift the point of cavitation inception to higher cavitation parameters, Pear.
An analytical model was developed to predict discharge coefficient as a function of operating parameters and orifice Table 1 : Parameter ranges studied. 
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